Variations in the inulin contents have been detected in rhizophores of Vernonia herbacea during the phenological cycle. These variations indicate the occurrence of active inulin synthesis and depolymerization throughout the cycle and a role for this carbohydrate as a reserve compound. 1-Fructan exohydrolase (1-FEH) is the enzyme responsible for inulin depolymerization, and its activity has been detected in rhizophores of sprouting plants. Defoliation and low temperature are enhancer conditions of this 1-FEH activity. The aim of the present work was the cloning of this enzyme. Rhizophores were collected from plants induced to sprout, followed by storage at 58C. A full length 1-FEH cDNA sequence was obtained by PCR and inverse PCR techniques, and expressed in Pichia pastoris. Cold storage enhances FEH gene expression. Vh1-FEH was shown to be a functional 1-FEH, hydrolyzing predominantly b-2,1 linkages, sharing high identity with chicory FEH sequences, and its activity was inhibited by 81% in the presence of 10 mM sucrose. In V. herbacea, low temperature and sucrose play a role in the control of fructan degradation. This is the first study concerning the cloning and functional analysis of a 1-FEH cDNA of a native species from the Brazilian Cerrado. Results will contribute to understanding the role of fructans in the establishment of a very successful fructan flora of the Brazilian Cerrado, subjected to water limitation and low temperature during winter.
Introduction
Fructans, polymers of fructose, are a group of storage carbohydrates widely distributed in nature. Inulin-type fructans consist of linear chains with b-2,1 linkages occurring in dicotyledons, mainly in Asteraceae. Levan-type fructans consist of linear chains with b-2,6 linkages occurring in monocotyledons (Hendry and Wallace 1993) , and graminans containing b-2,6 fructose linkages with b-2,1 branch points are typical of many cereals and temperate forage grasses (Bonnett et al. 1997) .
Fructan exohydrolase (FEH) is responsible for fructan depolymerization, according to the classic model of Edelman and Jefford (1968) . This enzyme hydrolyzes the fructosyl units from fructan chains in an exolytic way, yielding free fructose and, finally, sucrose. According to Van den Ende et al. (2004) FEHs are unable to degrade sucrose and need to be clearly distinguished from the cell wall-type invertases from which they probably evolved. Sucrose is a strong competitive inhibitor of some FEH enzymes (Marx et al. 1997a , Marx et al. 1997b , Van den Ende et al. 2003a ) and its role as an inhibitor of FEH activity in vivo was suggested (Marx et al. 1997a) .
Different types of FEHs have been characterized and cloned: 1-FEHs degrading inulin-type fructans (Van den Ende et al. 2000 , Van den Ende et al. 2001 , Van den Ende et al. 2003a ), 6-FEHs degrading levan-type fructans (Van den Ende et al. 2003b , De Coninck et al. 2005 ), 6&1-FEHs degrading both inulin and levan (De Coninck et al. 2005 ) and 6-KEHs (6-kestose exohydrolases) degrading 6-kestose (Van den . Cloning of FEHs from several species allowed the study of its function in fructan metabolism in plants submitted to defoliation (Van den Ende et al. 2001 ) and low temperature (Michiels et al. 2004) , and in trimming ( Van den Ende et al. 2003a ) and signaling , De Coninck et al. 2005 .
Fructans and FEHs are believed to accumulate in the vacuole (Wagner and Wiemken 1986) ; however, a significant increase in fructan concentration in the apoplast of oat crowns occurred during second-phase cold hardening below 08C (Livingston and Henson 1998) and, more recently, evidence was found for the presence of a 6-KEH in the apoplast of wheat crowns (Van den .
High concentrations of inulin-type fructans are found in rhizophores of Vernonia herbacea, a perennial Asteracean native to the Brazilian Cerrado showing a well defined pattern of seasonal development (Carvalho and Dietrich 1993) . The rhizophore of V. herbacea is an underground cauline system (Hayashi and Appezzato-da-Gloria 2005) , with a positive geotropic growth; the apex (distal region) presents the younger tissues, and sprouting of new shoots occurs by development of buds located on the opposite end of the rhizophore (proximal region) (Portes and Carvalho 2006) . Variation in inulin concentration occurs throughout the phenological cycle, indicating synthesis and depolymerization of this carbohydrate (Carvalho and Dietrich 1993) , and FEH activity is detected especially in the sprouting phase and mainly in the proximal region of the organs (Portes and Carvalho 2006) . The phenological behavior of the Cerrado vegetation seems to be related to climate stimuli and appears to represent a series of adaptive strategies to overcome thermal, water and nutritional stresses (Mantovani and Martins 1988) .
FEH activity in V. herbacea showed a significant increase when plants were induced to sprout by defoliation Carvalho 2004, Portes and Carvalho 2006) and/or submitted to cold storage (Portes et al. 2008) . Defoliation effects were also evaluated and shown to induce FEH activity in Polymnia sonchifolia (Fukai et al. 1997) , Cichorium intybus (De Roover et al. 1999) and Viguiera discolor (Degasperi et al. 2003) . FEHs are induced by freezing temperatures in chicory and orchardgrass Van Laere 1996, Yamamoto et al. 1999) ; gibberelin and ABA might be important hormones for their regulation (Morvan et al. 1997 , Yang et al. 2004 , Ruuska et al. 2007 ).
The precise role of fructan in physiological adjustments to low temperatures remains unclear. However, fructan may play a role in osmoregulation because osmotically inert fructan polymers can be rapidly converted into osmotically active monosaccharides (Wiemken et al. 1995) . Several reports have also indicated that fructans might have a membrane-protective effect during stress conditions (Hincha et al. 2007) .
Preliminary attempts to purify FEHs from V. herbacea resulted in the isolation of four active fractions from rhizophores of plants induced to sprout by defoliation and cold storage, and several active fractions from rhizophores of plants in the sprouting phase ). The results suggest that fructan mobilization occurs by a set of proteins which show the same hydrolytic activity but with differences in physical and chemical properties.
Considering the large amount of inulin in rhizophores of V. herbacea and the increasing interest in commercial production and industrial application of this polymer (Carvalho et al. 2007 ), the present work aimed at the cloning, characterization and functional analysis of 1-FEH cDNA from V. herbacea. This study reports the first 1-FEH cDNA cloning from a native species of the Cerrado vegetation. The results will contribute to further studies on FEH gene expression during fructan mobilization with the aim of future exploitation and utilization of natural resources from the Cerrado.
Results

Cloning of Vh1-FEH
In order to check the abundance of FEH transcript in the rhizophores and facilitate the cloning of 1-FEH cDNA from V. herbacea, a Northern blot analysis was performed with a cDNA probe from C. intybus. FEH transcripts were detected in the proximal region of rhizophores of the 'induced sprouting' plants and in the proximal, medium and distal regions of rhizophores of 'induced/58C' plants ( Fig. 1) . No hybridization signal was detected in leaves and in any of the regions of rhizophores of plants in the vegetative phase.
Based on the result of the Northern blot, total RNA was isolated from samples of the proximal region of rhizophores of 'induced/58C' plants and used to clone Vh1-FEH. The full-length cDNA of the V. herbacea FEH gene (AM231149) is 2,074 bp in size, including a 49 bp 5 0 untranslated region (UTR), a 1,749 bp coding region (CDR) and a 276 bp 3 0 UTR. The open reading frame (ORF) encodes 582 amino acids and, according to the Signal P program, there is a 99% probability that the first 19 amino acids of the sequence constitute the signal peptide for targeting to the endoplasmic reticulum. The ORF is aligned with 1-FEHs from other dicotyledonous species at the amino acid level (Fig. 2 ). Vh1-FEH shows 83% identity to C. intybus 1-FEH IIa, 82% identity to C. intybus 1-FEH IIb, 62% identity to C. rapunculoides 1-FEH and 52% identity to C. intybus 1-FEH I.
The molecular weight of the deduced protein is 65.7 kDa and its theoretical pI is 5.32. The ORF contains three potential N-glycosylation sites (Fig. 2) . The typical consensus domains (boxed in Fig. 2 ) conserved in family 32 of plant glycoside hydrolases, i.e. the b-fructosidase motif (NDPNG), the FRDP region and the EC region, are present in the Vh1-FEH cDNA sequence.
An unrooted phylogenetic tree was built containing the Vh1-FEH derived amino acid sequence and other FEHs and cell wall invertases (Fig. 3) . FEHs are most homologous to cell wall invertases and are proposed to be derived from an ancestral cell wall invertase or b-fructofuranosidase gene (Le Roy et al. 2007a ). This analysis shows four different branches and reveals that Vh 1-FEH groups together with other dicotyledonous FEHs which have low isoelectric points (branch IVa), and shares higher sequence similarity with dicotyledonous FEHs than with monocotyledonous FEHs (branch IVb).
Expression and functional characterization of the recombinant Vh1-FEH enzyme
The putative N-terminus of Vh1-FEH was derived based on known N-terminal regions of other mature dicot FEHs. The region of the Vh1-FEH cDNA sequence coding for the mature peptide was predicted to span from nucleotides 115 to 1749 (starting with amino acid QIIEQPY, as indicated in bold and italic in Fig. 2 ) and it was expressed in Pichia pastoris for functional characterization. The concentrated supernatant from Vh1-FEH-transformed yeast colonies after 4 d methanol induction was used to perform the activity assays.
When incubated with 5% inulin from V. herbacea, the Vh1-FEH enzyme showed optimal activity at pH 5.5 consistent with a vacuolar or extracellular localization (Fig. 4a) , and optimal activity at 408C (Fig. 4b) . The activity at different substrate concentrations increased gradually up to 8% inulin (Fig. 4c) . However, as the solubility of assay mixtures at concentrations 45% was not complete, 5% was chosen for the assays. Sucrose increasingly inhibited the activity of the recombinant enzyme with increasing concentration, beginning with 8% inhibition at 1.0 mM and reaching 81% at 10 mM sucrose (Fig. 5a ). The highperformance anion exchange chromatography/pulsed amperometric detection (HPAEC/PAD) profiles of incubation mixtures show the decrease in fructose released ( Fig. 5b ) and illustrate 1-FEH inhibition by sucrose. Fig. 6 shows time-course chromatograms of products of Vh1-FEH recombinant protein on various substrates. Sucrose was not hydrolyzed by Vh1-FEH protein extract (Fig. 6a ). Vh1-FEH extract hydrolyzed predominantly b-2,1 fructosyl linkages such as those in 1-kestose (Fig. 6b) and inulins from V. herbacea and V. discolor (Fig. 6c) . Levans from Gomphrena macrocephala and Phleum pratense were poorly hydrolyzed by the recombinant enzyme (Fig. 6d) .
Discussion
Northern blot analysis ( Fig. 1) revealed that FEH transcripts are present mainly in the proximal region of rhizophores of the 'induced sprouting' plants and that cold storage enhanced FEH gene expression, as shown by the strong signal detected in 'induced/58C' plants. This result is in agreement with the previously observed high FEH activity in this region of the rhizophore in plants induced to sprout (Portes and Carvalho 2006) and is consistent with the role of FEH in fructan mobilization during reestablishment of aerial organs from buds in the proximal region. A strong hybridization signal for two isoforms, 1-FEH I and 1-FEH II, in field-derived plants was detected in roots of C. intybus when freezing started and when plants were submitted to defoliation and cold storage (Van den Ende et al. 2001) .
The cloning strategy allowed the isolation of the first 1-FEH cDNA from a native species from the Cerrado vegetation. The sequence shows a short signal peptide and three potential N-glycosylation sites, and a predicted pI of 5.32. The results are in agreement with the number of glycosylation sites found for other FEHs described: three sites in both 1-FEH IIa and 1-FEH IIb of C. intybus The membrane was hybridized using a radioactive probe of 1-FEH IIa cDNA of Cichorium intybus. Hybridization was performed under medium stringency conditions. The membrane was exposed an X-ray film for 5 d at À708C.
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In plants, N-linked glycans influence glycoprotein conformation and act in the prevention of proteolytic degradation; they are responsible for the thermal stability, solubility and biological activity of glycoproteins (Rayon et al. 1998 ). Introduction of a glycosyl chain positioned in the cleft between the two structural domains of chicory 1-FEH IIa showed highly decreased activity against higher degree of polymerization (DP) inulin, strongly suggesting that the cleft is the actual inulin-binding site. Removal of the analogous glycosyl chain in AtcwINV1 and Bv6-FEH caused a strong decrease in overall activity (Le Roy et al. 2007c ). Fructan-metabolizing enzymes and vacuolar and cell wall-type invertases belong to the family GH 32 (Henrissat and Davies 1997) . Vh1-FEH contains all crucial consensus regions, NDPNG, FRDP and WECPDF, forming the active site according to Verhaest et al. (2005) . Like all other FEHs, Vh1-FEH has a low pI and a proline in the WECPDF motif. The phylogenetic tree (Fig. 3) supports the hypothesis that FEHs probably evolved from ancestral cell wall-type invertases (De Coninck et al. 2005 , Van den Ende et al. 2005a , Van Riet et al. 2006 .
According to Chalmers et al. (2005) , FEHs have short signal peptides in common with extracellular enzymes, and a low pI, characteristic of vacuolar enzymes, which are contradictory characteristics in relation to cellular localization. As fructans are predominantly found in vacuoles, 
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it is most likely that FEHs are vacuolar enzymes (Wagner and Wiemken 1986) .
Genes of fructan metabolism in plants share high identity among sequences, which makes it difficult to infer putative cellular functions based only on amino acid sequences (Chalmers et al. 2005 , Van Riet et al. 2006 ). This reinforces the importance of functional analysis. The methylotrophic yeast P. pastoris has been used to generate recombinant protein for functional analysis, as the synthesized protein is secreted and consequently easily purified. As P. pastoris does not produce any invertases or fructosyltransferases, it is especially suitable for this purpose, since there are no background activities that might interfere with activities of interest (Altenbach et al. 2004 ). This expression system can be useful for functional analysis of all types of plant GH 32 enzymes; it has been successfully used to generate recombinant FEHs that are close to Vh1-FEH such as chicory 1-FEH IIa (Verhaest et al. 2005) 
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Cloning of a 1-FEH cDNA from Vernonia herbacea and was therefore chosen for the functional analysis of the Vh1-FEH. The enzymatic assay demonstrated the authenticity of this cDNA sequence as a 1-FEH enzyme, since the recombinant protein showed no activity against sucrose (Fig. 6a) , and released free fructose and sucrose when incubated with 1-kestose (Fig. 6b) and free fructose but no sucrose when incubated with inulin (Fig. 6c) . The latter The reactions were performed using as substrates 10 mM sucrose (a), 10 mM 1-kestose (b) at 308C, pH 5.0 for 0, 1 and 20 h, and inulins from Vernonia herbacea and Viguiera discolor (c) and levans from Phleum pratense and Gomphrena macrocephala (d), at 308C, pH 5.5 for 0, 1, 5 and 21 h. F, fructose; S, sucrose; 1-K, 1-kestose.
Cloning of a 1-FEH cDNA from Vernonia herbacea 1191 result suggests that Vh1-FEH hydrolyzed inulin by a multichain mechanism in which the substrate is released from the enzyme before complete hydrolysis, as demonstrated for other FEHs (Claessens et al. 1990 , Henson and Livingston 1996 , Van Riet et al. 2006 . The low activity presented when levan-type fructans from P. pratense and G. macrocephala were used as substrates (Fig. 6d) indicates that Vh1-FEH preferentially hydrolyzes b-2,1 linkages. One FEH from L. perenne capable of preferentially degrading inulin with low activity against levan was also characterized by Lothier et al. (2007) . In addition, FEHs capable of degrading both inulin and levan were reported from T. aestivum and Arabidopsis thaliana (De Coninck, et al. 2005) , and referred to as 6&1-FEHs. Concerning the inhibition of the recombinant Vh1-FEH protein in the presence of sucrose, the results showed that it is similar to what was observed for the FEHs from Helianthus tuberosus (Edelman and Jefford 1964, Marx et al. 1997a) , C. intybus (Claessens et al. 1990 , De Roover et al. 1999 , Lolium temulentum (Simpson et al. 1991) , L. perenne (Marx et al. 1997b , Lothier et al. 2007 ) and T. aestivum (Van den Ende et al. 2003a) which are inhibited by sucrose at concentrations of up to 20 mM. According to Verhaest et al. (2007) , sucrose inhibits 1-FEH II activity because the O 2 of the glucose moiety forms an H-linkage with the acid-base catalyst E201. The authors observed that enzymes that are strongly inhibited by sucrose contain a serine or glycine in the YTG region and a tryptophan in the GSAT region. Mutagenesis analysis of the 1-FEH IIa sequence revealed that W81 and S101 are important for binding sucrose as an inhibitor. The Vh1-FEH sequence has these amino acids in those regions, in agreement with this hypothesis (Fig. 2) .
Sucrose and FEHs are believed to be present in the vacuole, which is the functional location for both fructan synthesis and breakdown. The inhibition of fructan hydrolysis by sucrose was shown to be removed when the concentration of sucrose declined rapidly at the start of mobilization in leaves of L. temulentum (Simpson et al. 1991 ). In C. intybus, the in vivo concentration of sucrose in the vacuole at the time of forcing probably decreases, causing an increase in 1-FEH II activity to allow further breakdown of fructans (De Roover et al. 1999) . Sucrose inhibition is a fine-tuning feedback mechanism in which fructan degradation is activated whenever the sucrose concentration is low due to breakdown and/or export.
The sucrose concentration in dormant tubers of H. tuberosus (Marx et al. 1997a ) was estimated to be 50 mM, a concentration that is high enough to inhibit 1-FEH activity effectively in planta. It was suggested that 1-FEH activity might be mainly controlled by sucrose concentration and low temperature in winter. In addition, Verhaest et al. (2007) reported that sucrose-inhibited FEHs might be immediately activated when the sucrose concentration decreases, for example as a result of damage, wounding, cutting, grazing or other stresses. In V. herbacea, the control of FEH activity also seems to be in part mediated by these conditions. In the present work it was demonstrated that the recombinant Vh1-FEH was inhibited by sucrose (Fig. 4) and that cold storage enhanced FEH gene expression as shown by the strong signal detected in 'induced/58C' plants (Fig. 1) .
Furthermore, the excision of aerial organs and subsequent re-growth of new shoots led to an increase in 1-FEH and a decrease in 1-sucrose:sucrose fructosyltransferase (1-SST) activities , associated with the interruption of photosynthate translocation to the rhizophores and a change in the source-sink relationship. The authors suggested that the peak of invertase activity, which occurred before the peak of FEH activity, caused a decrease in vacuolar sucrose concentration, ideal to relieve sucrose-inhibited FEH activity. This result is consistent with those obtained in the present work concerning inhibition of the Vh1-FEH activity by sucrose and reinforces that in V. herbacea sucrose concentration plays a role in the control of fructan degradation in planta.
In this study, we describe for the first time the cloning and functional analysis of a 1-FEH cDNA of a native species from the Brazilian Cerrado. The results obtained will allow us to undertake studies of FEH gene expression and regulation in plants under different physiological conditions, as an attempt to understand the importance of the fructan syndrome in the establishment of the very successful fructan flora of the Cerrado, subjected to water limitation and low temperature during winter. Since V. herbacea is a potential source for inulin production and represents promising material in view of biotechnological applications, the Vh1-FEH cDNA sequence can also be used as a tool to develop an FEH antisense or RNA interference (RNAi) strategy to optimize inulin production from this species.
Materials and Methods
Plant material
Plants of V. herbacea (Vell.) Rusby were cultivated at Instituto de Botaˆnica, Sa˜o Paulo, Brazil, in forest soil, under natural environmental conditions. The experiment was carried out in the summer of 2004 (January, natural daylength 13 h 30 min, mean precipitation 220 mm and maximum/minimum/mean temperatures 28.98C/20.58C/23.88C, respectively). Plants were watered daily. As previously reported, defoliation and cold storage promote an increase in 1-FEH activity in the rhizophores of these plants Carvalho 2004, Portes et al. 2008) .
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Aerial organs from plants at the vegetative phase were cut at the soil level at the beginning of the experiment (day 0) to induce sprouting. In order to evaluate FEH gene expression, rhizophores were harvested from plants at day 0 (vegetative phase), 20 d after defoliation at ambient temperature 'induced sprouting' and from plants induced to sprout by defoliation, followed by an additional week at cold storage (58C) 'induced/58C'. Plant material was transferred to liquid nitrogen immediately after harvesting and kept at À808C prior to analysis. Samples from proximal, medial and distal regions of rhizophores and leaves of V. herbacea were used for Northern blot analysis. Tissues from the proximal region of rhizophores of 'induced/58C' plants were sampled for FEH cloning.
Northern blot analysis Total RNA was isolated from the proximal, medial and distal regions of rhizophores from plants of V. herbacea (i) at the vegetative phase; (ii) after being induced to sprout, 20 d after excision of the aerial organs 'induced sprouting'; and (iii) kept at low temperature for 7 d (58C) following sprouting induction 'induced/58C'; and also from leaves of plants at the vegetative phase. Samples were immersed in liquid nitrogen, ground into a powder and homogenized in 10 ml of Trizol R (Invitrogen, Carlsbad, CA, USA). Total RNA (20 mg) was fractioned in a 1.2% formaldehyde-agarose gel and transferred by capillarity to a positively charged nylon membrane (Hybond TM N þ , Amersham Biosciences, Piscataway, NJ, USA) using the VacuGene TM XL Vacuum blotting System (Pharmacia Biotech, Uppsala, Sweden) following the manufacturer's protocols. RNA was fixed to the membrane by UV radiation. Membranes were stained with 0.2% methylene blue/0.3 mol l À1 sodium acetate to verify equal loading of RNA. After pre-hybridization with 5Â sodium citrate and sodium chlorate solution (SSC)/0.5% SDS, 5Â Denhardt's solution and 1 mg ml À1 herring sperm DNA at 658C, the membrane was hybridized overnight with cDNA of C. intybus 1-FEH (AJ 295033) as a radioactive probe. The DNA probe was labeled with [a-32 P]dCTP using Megaprime TM DNA labelling Systems (Amersham Biosciences, Piscataway, NJ, USA). Membranes were washed twice in 2Â SSC/0.1% SDS for 10 min at 258C, once in 1Â SSC/0.1% SDS for 20 min at 658C, and then exposed to X-ray films at À808C for 5 d (Sambrook et al. 1989 ).
Cloning of Vh1-FEH
Total RNA was isolated using an RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). The first cDNA strand was obtained by Super Script II RNase H-Reverse Transcriptase (RT) (Invitrogen, Carlsbad, CA, USA) using oligo(dT) as primer. The conserved amino acid sequences NWMNDPNGPM and WECPDF were used to construct degenerate forward (5 0 -AACTGGATGAAYGAYCCWAAYGGWCCAATG-3 0 ) and reverse (5 0 -GSGWARAARTCWGGRCAYTCCCA-3 0 ) primers. Combination of these two primers yielded a PCR product of 600 bp which showed high identity with known FEH sequences. PCR conditions were as follows: one cycle at 948C for 5 min, 35 cycles at 948C for 30 s, 608C for 30 s and 728C for 2 min, followed by one cycle at 728C for 7 min and 48C for 5 min, using Taq DNA Polymerase (Invitrogen, Carlsbad, CA, USA).
The complete FEH cDNA sequence was obtained by using the inverse PCR (iPCR) technique (Sambrook and Russell 2001) with modifications. The synthetic oligonucleotides used to amplify the DNA fragment were constructed based on the 600 bp fragment obtained as follows: iPCR reverse 5 0 -CGAAAGTAGCGGCAT ACGGATTG-3 0 and iPCR forward 5 0 -TCAAGTTCAAGACCT CGCCTGG-3 0 . Combination of these two primers yielded an iPCR product of 1,800 bp which showed high identity with known FEH sequences. PCR conditions were the same as described above. The iPCR product of about 1.8 kb was purified and ligated into the vector pGEM-T (pGEM-T Easy Vector, Promega, Madison, WI, USA). Plasmids containing PCR and iPCR products were transformed into Escherichia coli competent cells (TOP 10 F 0 , Invitrogen, Carlsbad, CA, USA or XL1Blue MRF 0 , Stratagene, La Jolla, CA, USA). Cells were plated on LB/ampicillin (100 mg ml
À1
) supplemented with isopropyl-b-D-galactopyranoside (IPTG)/X-Gal. Single white colonies were selected, cultured in liquid medium and plasmids were fully sequenced on both strands using M13 Forward, M13 Reverse and specific primers (iPCRS1 5
0 -TGGAGGTTGGAAATGGTAGC-3 0 ). Nucleotide sequences were submitted to the NCBI server for BLAST searches against sequences available in the international sequence database. Sequence alignment was performed using ClustalW. The molecular weight and pI were estimated by Identification and Characterization (pI/molecular weight), and putative glycosylation sites were estimated by Prosite using the ExPASy Proteomics Server. Signal peptide sequence was predicted using Signal P.
Heterologous expression in Pichia pastoris
The putative N-terminus of Vh1-FEH was determined using the known N-terminal regions of other mature FEHs from dicotyledonous species. The region of the Vh1-FEH cDNA sequence coding for the mature peptide was predicted to span from nucleotides 115 to 1749. The synthetic oligonucleotides used to amplify the mature protein sequence were as follows: PicForward: 5 0 -AGAGAATTCCAGATTATTGAACAACCGTA TCG-3 0 (QIIEQPY, translated sequence) PicReverse: 5 0 -AGA GAGCGGCCGCTTGCTTTTCGACATAAATTACCC-3 0 (after the stop codon). The bold characters indicate the NotI and EcoRI restriction sites. The PCR conditions were one cycle at 948C for 5 min, 35 cycles at 948C for 30 s, 608C for 30 s and 688C for 2 min, followed by one cycle at 688C for 10 min and 48C for 5 min, using Pfx DNA polymerase (Invitrogen, Carlsbad, CA, USA).
Four independent amplified PCR fragments were first subcloned in the TOPO-XL vector (TOPO XL cloning kit, Invitrogen) and sequenced to identify any errors introduced by PCR. After vector amplification in E. coli, the DNA fragment was cut out using NotI and EcoRI. The expression vector pPICZaA (Invitrogen) was also digested using NotI and EcoRI. Subsequently, the DNA fragments were further purified by using the Qiaquick Gel and QIA Quick Nucleotide Removal Kit (Qiagen, Valencia, CA, USA). After dephosphorylation of the vector, the PCR product was cloned into the vector, resulting in the expression plasmid pPICZaAVh1-FEH in-frame behind the a-factor signal sequence of the vector, using the Rapid DNA Ligation Kit (Roche, Indianapolis, IN, USA). These plasmids were transformed into E. coli competent cells (One Shot Cells TOP 10, Invitrogen, Carlsbad, CA, USA). Cells were plated on 2ÂYT/ Zeocin (30 mg ml
À1
). Positive colonies were used for vector amplification. Plasmids were extracted using a Quantum Prep TM Plasmid Midiprep Kit (Bio-Rad, Hercules, CA, USA).
Pichia pastoris strain X-33 was transformed by electroporation with 20 mg of SacI-linearized pPICZaAVh1-FEH and placed on selective YPDS/Zeocin plates (500 mg ml
) following the manufacturer's protocols (Invitrogen). Grown colonies were submitted to PCR using 5 0 AOX (GACTGGTTCCAATTGA CAAGC) and 3 0 AOX (GCAAATGGCATTCTGACATCC) primers to confirm transformation.
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Production and functional characterization of the recombinant Vh1-FEH enzyme To produce recombinant Vh1-FEH enzyme, single colonies of transformed P. pastoris were inoculated into 80 ml of buffered minimal glycerol medium (BMGY) and incubated at 29.58C under vigorous shaking. After 17 h the cells were harvested by centrifugation at 1,000Âg for 5 min at 48C, and resuspended in 20 ml of buffered minimal methanol medium (BMMY). Methanol was replenished every 24 h to a final concentration of 2% (v/v). After 4 d the culture medium was centrifuged at 1,045Âg for 10 min at 48C. Proteins were precipitated for 1 h in 80% (NH 4 ) 2 SO 4 -saturated citrate phosphate buffer (50 mM, pH 5.5). Finally, proteins were collected by centrifugation (17,000Âg for 30 min at 48C) and redissolved in citrate phosphate buffer (50 mM, pH 5.5). To prevent microbial growth, 0.02% (w/v) Na azide was added in all buffers.
Samples of the protein extract were assayed with an equal volume of substrate for activity analysis. The effect of pH was determined using 0.05 M citrate phosphate buffer in the pH range of 4.0-6.5 for 5 h at 308C, and the optimal assay temperature was determined at 10, 20, 30, 40 and 508C for 5 h at pH 5.5. For both experiments a final concentration of 5% (w/v) inulin purified from V. herbacea was used as substrate. Aliquots of the protein extract were incubated with inulin purified from V. herbacea in a range of concentrations (1-8%) for 5 h at 308C, pH 5.5. Protein extract was also incubated for 1, 5 and 21 h at 308C with sucrose (final concentration 100 mM), 1-kestose (final concentration 100 mM), 5% (w/v) inulin purified from V. herbacea, 5% (w/v) inulin purified from V. discolor, 3% (w/v) levan purified from G. macrocephala and 5% (w/v) levan purified from P. pratense. Protein extracts were incubated with 5% (w/v) inulin purified from V. herbacea as substrate and an range of different sucrose concentrations as inhibitor (0.5-10 mM) in 0.05 M citrate phosphate buffer for 5 h at pH 5.5. The FEH activity in the presence of sucrose was expressed as a percentage of the activity observed when no sucrose was added. All incubation reactions were interrupted by heating at 908C for 5 min.
Incubation mixtures were analyzed by HPAEC/PAD using a 2 Â 250 mm CarboPac PA-1 column on the ICS 3000 model in a gradient established by mixing eluant A (0.15 M NaOH) with eluant B (0.5 M sodium acetate in 0.15 M NaOH) as follows: 0-2 min, 25 mM; 2.1-8 min, 50 mM; 8.1-28 min, 350 mM; 28.1-30 min, 500 mM; 30.1-35 min, 25 mM. The flow rate through the column was 0.250 ml min 
